Introduction {#s1}
============

15-LOX-1 is a peroxidase which catalyzes the oxygenation of free or membrane-bound polyunsaturated fatty acids containing at least one bis-allylic methylene [@pone.0052703-Schewe1]. It is implicated in various physiological processes including membrane remodelling, cell differentiation, inflammation and apoptosis [@pone.0052703-Kuhn1], [@pone.0052703-Dobrian1]. Deregulation of 15-LOX-1 expression is suggested to be involved in the pathogenesis of diverse malignancies, including prostate and colorectal cancer [@pone.0052703-Zuo1], , asthma [@pone.0052703-Claesson1], [@pone.0052703-Zhao1], atherosclerosis [@pone.0052703-Rong1], orbital fibrosis [@pone.0052703-Chen1] and nephritis [@pone.0052703-Wu1]. Moreover, introduction of 15-LOX-1 into cells could result in oxidative stress and membrane degradation [@pone.0052703-vanLeyen1], [@pone.0052703-Ezaki1]. Therefore, the expression and activity of the enzyme are strictly controlled.

In most 15-LOX-1 inducible cell types, the enzyme is predominantly activated through the IL4/13-signal transducer and activator of transcription 6 (STAT6) cascade [@pone.0052703-Zuo2], [@pone.0052703-Das1], [@pone.0052703-Conrad1]. 15-LOX-1 mRNA transcription is also associated with CpG island methylation status and histone acetylation status at the promoter level [@pone.0052703-Liu1]. Different experimental evidences suggest that histone acetylation is positively correlated with 15-LOX-1 transcriptional activation [@pone.0052703-Zuo2], [@pone.0052703-Liu1], [@pone.0052703-Liu2], [@pone.0052703-Shankaranarayanan1], [@pone.0052703-Kamitani1]. In a previous study of HL cell lines we showed that DNA hyper-methylation is associated with silenced 15-LOX-1 transcription and that demethylation is required for 15-LOX-1 transactivation [@pone.0052703-Liu1]. However, it was recently reported that hypermethylation of specific CpG di-nucleotides in the 15-LOX-1 promoter leads to the upregulation of 15-LOX-1 expression and enzyme activity in prostate cancer cells [@pone.0052703-Kelavkar2]. Moreover, recent work on colorectal cancer showed that 15-LOX-1 promoter methylation levels did not significantly correlate with 15-LOX-1 mRNA expression levels in neither cancer cell lines nor in the patients' tumor specimens [@pone.0052703-Zuo3]. Therefore, additional epigenetic mechanism(s) could be involved in the transcriptional regulation of 15-LOX-1, controlling the tissue- and cell-type specific 15-LOX-1 gene expression.

Lysine is the key substrate residue in histone methylation, which can occur one, two or three times (mono-, di- or trimethylation), leading to different biological outcomes. Histone methylation could have various effects on gene transcription, depending on the precise residues and levels of methylation [@pone.0052703-Berger1]. Generally, histone 3 lysine 4 (H3-K4) tri- and di- methylation have an activating effect on gene expression [@pone.0052703-Berger1]. Histone methylation status of specific residues is an outcome of a dynamic balance between corresponding histone methyltransferases (HMTs) and histone demethylases(HDMs) [@pone.0052703-Ordovas1].

HMTs are histone-lysine/arginine N-methyltransferases that catalyze the transfer of methyl groups to lysine/arginine residue of histones. Among the HMTs, SET and MYND domain-containing protein 3 (SMYD3) is a HMT that contains a SET domain and has histone H3-K4 di- or tri-methyltransferase activity [@pone.0052703-Hamamoto1]. SMYD3 is also a transcription factor that specifically interacts with the binding motif/s of its downstream genes. Endogenous expression of SMYD3 is undetectable or very weak in most normal human tissues whereas significant up-regulation was observed in the great majority of investigated colorectal carcinoma, hepatocellular carcinoma, and breast cancer specimens [@pone.0052703-Hamamoto1], [@pone.0052703-CockRada1]. SMCX, also known as KDM5C or JARID1C, has H3-K4 tri-demethylase activity and reverses H3-K4 to di- and mono- but not unmethylated products, and thereby functions as a transcriptional repressor [@pone.0052703-Niu1].

We have recently reported that 15-LOX-1 is expressed in the HL derived cell line L1236 and in the tumor cells, the so-called Hodgkin/Reed-Sternberg (H/RS) cells, in classical HL. However, another HL-derived cell line, L428, lacks detectable 15-LOX-1 expression and activity despite the expression of functional IL4 receptors and active STAT6 [@pone.0052703-Liu2]. In the present study, we compared the H3-K4 methylation status of the 15-LOX-1 promoter region between the two cell lines and found a relationship between H3-K4 methylation status of the 15-LOX-1 promoter region and 15-LOX-1 gene expression. We also studied how the HMT SMYD3 and the HMD SMCX exert their regulatory effects on 15-LOX-1 transcription. In conclusion, evidence supporting a close correlation between promoter histone methylation/demethylation status and 15-LOX-1 gene transcription is presented.

Experimental Procedures {#s2}
=======================

Cell Lines and Culture Conditions {#s2a}
---------------------------------

The HL-derived cell lines L1236 and L428 (kind gifts from Professor V. Diehl, Department of Internal Medicine, University Hospital of Cologne, Germany) and the prostate cancer cell line LNCaP were cultured at 37°C in RPMI 1640 (Life Technologies, Paisley, Scotland) containing 10% fetal calf serum (FCS), 100 units/mL penicillin, and 2 mM L-glutamine. L1236 was derived from peripheral blood of a patient with mixed cellularity HL, and L428 from pleural effusion of a patient with nodular sclerosis HL. Both cell lines are of B cell phenotype and negative for Epstein--Barr virus [@pone.0052703-Marafioti1]. LNCaP were purchased from the American Type Culture Collection (Manassas, VA).

RNA Extraction, Reverse Transcription and Real-time PCR (QT-PCR) {#s2b}
----------------------------------------------------------------

Total cellular RNA was extracted using the RNeasy total RNA isolation kit (Qiagen GmbH, Hilden, Germany) according to the manufacturer's protocol. cDNA was synthesized using random primers (N6) (Pharmacia, Uppsala, Sweden) and M-MLV reverse transcriptase as described before [@pone.0052703-Xu1]. Real time PCR with 3 µl of cDNA was performed in an ABI 7700 sequence detector (Applied Biosystems, Foster City, CA, USA) using Pre-made Gene Expression Assays (Applied Biosystems) primers and probes for 15-LOX-1 (Probe ID: Hs00609608_m1). Levels of transcripts were expressed as the ratio versus human beta-2 microglobin (Probe ID: Hs00187842_m1).

Western Blots {#s2c}
-------------

Total cellular proteins were extracted with M-PER Mammalian Protein Extraction Reagent (Pierce, IL) according to the manufacturer's instruction, and 10 mg of the protein were resolved by 4--15% SDS-PAGE (Bio-Rad, CA, USA) and transferred to a PVDF membrane. The membrane was probed with antibodies against 15-LOX-1 (made in-house by using purified recombinant human 15-LOX-1 as immunogen [@pone.0052703-Andersson1], SMCX (Bethyl Laboratories, TX), SMYD3 (Abcam, Cambridge, UK) or β-actin (Santa Cruz Biotechnology, Santa Cruz, CA) followed by anti-rabbit or goat horseradish peroxidase--conjugated IgG and developed with the enhanced chemiluminescent method (GE Healthcare, UK).

Reporter Vector Construction {#s2d}
----------------------------

Genomic DNA from L1236 cells was purified using the Wizard Genomic DNA Purification Kit (Promega, Madison, WI, USA). A 1085 bp fragment of the 15-LOX-1 promoter region (NCBI sequence code: NT_010718) was obtained by high fidelity PCR (Roche, Switzerland) using primers binding to −1085 and −5 relative to the ATG codon. This fragment was ligated into pGL3-basic and named as pGL3-15-LOX-1 wild type (WT) (Promega). The cloned fragment was sequenced and showed the normal cytosine at position −292 [@pone.0052703-Wittwer1].

Luciferase Activity Assay {#s2e}
-------------------------

Cells cultured in 24 wells plates were cotransfected with pGL3-15-LOX-1 WT and pcDNA-SMYD3/pcDNA (a kind gift by Drs. Nakamura and Furukawa, University of Tokyo) or SMYD3 siRNA/non-specific siRNA using LipofectAMINE 2000. A Renilla luciferase-containing plasmid, which is driven by the thymidine kinase promoter, was always included in the transfections to control for transfection efficiency. Luciferase activity was determined by using a dual luciferase reporter assay system (Promega) 60 h after transfection. The 15-LOX-1 promoter-driven luciferase activity was normalized to the thymidine kinase Renilla activity.

siRNA Treatment {#s2f}
---------------

Chemically modified Stealth siRNA targeting SMYD3 (Oligo ID: HSS127693), SMCX (Oligo ID: HSS112079) and control siRNA (Stealth™ RNAi Negative Control) were purchased from Invitrogen (Carlsbad, CA, USA). siRNA transfection was performed using LipofectAMINE 2000 according to the manufacturer's protocol.

Chromatin Immunoprecipitation Assay (ChIP) {#s2g}
------------------------------------------

ChIP assay was performed as described before [@pone.0052703-Ge1]. Briefly, cells were cross-linked by incubation in 1% (v/v) formaldehyde-containing medium for 10 min at 37°C and then sonicated to achieve soluble chromatin with DNA fragments between 200 and 1,000 bp. Antibodies against trimethylated H3-K4, acetylated histone H3 (Upstate, Lake Placid, NY, USA), STAT6 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), SMYD3 (Santa Cruz Biotechnology), and SMCX (Bethyl Laboratories, TX), were used to precipitate DNA fragments bound by their corresponding elements. The protein-DNA complex was precipitated with protein A Sepharose beads (Upstate), eluted, and reverse cross-linked. Following a treatment with Protease K (Sigma), the samples were extracted with phenol-chloroform and precipitated with ethanol. The recovered DNA was re-suspended in TE buffer and used for quantitive-PCR amplification as described previously [@pone.0052703-Liu2] with primer set A (forward: 5′- ATTCCAGGGTGACAGAGTGAGACT-3′ and reverse 5′- CAGTTTCTTTTTGGGCTGGA -3′), primer set B (forward: 5′- CCCACCTCGCCTGCCTGCT-3′ and reverse 5′- TTGGGGTCGGAATGTGGGTG-3′) or primer set C (forward: 5′- AATCCTTTTCTTTTTCTCC-3′ and reverse 5′- TAACCCAGCCT GAGACCC-3′).

15-Hydroxyeicosatetraenoic Acid (15-HETE) Assay {#s2h}
-----------------------------------------------

The capacity to produce 15-HETE was used as an indication of 15-LOX-1 activity in the living cells. The levels of 15-HETE were measured by an EIA Kit (Cayman, USA) according to the manufacturer's protocol.

Statistics {#s2i}
----------

Data are presented as means ± standard deviations (SD). Student's t-test was used for comparison of paired observations.

Results {#s3}
=======

Relationship between 15-LOX-1 Expression and Trimethylation of Histone H3-K4 at the 15-LOX-1 Promoter in HL-derived Cell Lines {#s3a}
------------------------------------------------------------------------------------------------------------------------------

In order to study the relation between 15-LOX-1 expression and chromatin remodelling status, 15-LOX-1 mRNA expression in the HL-derived L1236 and L428 cell lines was first examined. Consistent with our previous findings, real-time PCR showed that 15-LOX-1 transcription was strong in L1236 cells while very low in L428 cells ([Fig. 1A](#pone-0052703-g001){ref-type="fig"}). As shown in [Fig. 1B](#pone-0052703-g001){ref-type="fig"}, 15-LOX-1 catalytic activity in terms of 15-HETE formation upon challenge with exogenous arachidonic acid was strong in L1236 cells but nearly undetectable in L428 cells.

![Association of 15-LOX-1 expression and activity with H3-K4 methylation status in HL-derived cell lines.\
(A) 15-LOX-1 mRNA levels in L1236 and L428 cells were measured using real-time PCR (n = 6). The expression levels were calculated relative to that of a calibrator sample (A549 cells ectopically expressing 15-LOX-1), levels of transcripts were expressed as the ratio vs. human β2 microglobulin. Bar, SD; \*\* p\<0.01. (B) 15-HETE was measured as an indication of 15-LOX-1 activity in L1236 and L428 cells (n = 4). Cells were harvested after incubation with exogenous arachidonic acid (40 mM) at 37°C for 5 min. Bar, SD; \* p\<0.05. (C) ChIP assay for H3-K4 trimethylation at the 15-LOX-1 core promoter in L1236 and L428 cells. Primers B (see Materials and Methods and Fig. 3 A) were used for PCR amplification. Shown is one of four independent experiments.](pone.0052703.g001){#pone-0052703-g001}

Histone H3 acetylation is positively correlated with 15-LOX-1 gene expression in cultured HL cells [@pone.0052703-Liu2]; different lines of experimental evidence suggest that H3-K4 trimethylation is mostly associated with active gene expression [@pone.0052703-Eissenberg1]. Therefore, we asked whether H3-K4 methylation in the 15-LOX-1 promoter is related to transactivation of the enzyme. Using ChIP assay, strong H3-K4 trimethylation in the 15-LOX-1 promoter region of L1236 cells was observed. In contrast, this region was markedly less methylated in L428 cells ([Fig. 1C](#pone-0052703-g001){ref-type="fig"}). The results suggest an association of 15-LOX-1 promoter histone methylation status with transcriptional status of the gene in cultured HL cells.

Histone Methyltransferase SMYD3 and Histone Demethylase SMCX Regulate 15-LOX-1 Gene Expression {#s3b}
----------------------------------------------------------------------------------------------

Because 15-LOX-1 expression is closely related to H3-K4 methylation status, we next determined whether H3-K4 trimethylation is required for 15-LOX-1 transcription. Inhibition of SMYD3, a histone H3-K4--specific dimethyltransferase and trimethyltransferase, could lead to a hypo-methylated status of H3-K4 at the promoter region of its target genes [@pone.0052703-Hamamoto1], [@pone.0052703-Liu3]. As shown in [Fig. 2A](#pone-0052703-g002){ref-type="fig"} and [Fig. 3](#pone-0052703-g003){ref-type="fig"} A, B, knocking down SMYD3 expression using siRNA significantly inhibits H3-K4 methylation at the 15-LOX-1 promoter region and reduces 15-LOX-1 mRNA abundance in L1236. Expression of SMYD3 protein is undetectable in L428 cells (data not shown). To further test the hypothesis that 15-LOX-1 expression is controlled by the histone methylation status, the SMCX gene, coding a H3-K4 demethylase [@pone.0052703-Tahiliani1], was silenced in L428 cells by means of siRNA. The analyses showed that H3-K4 turned hyper-methylated at the 15-LOX-1 promoter and that the expression of the enzyme was induced at both mRNA and protein levels without IL-4 stimulation ([Fig. 2B](#pone-0052703-g002){ref-type="fig"} and [Fig. 3C](#pone-0052703-g003){ref-type="fig"}). The efficient silencing of SMYD3 or SMCX expression was verified by both reverse transcription-PCR (data not shown) and Western blot analyses ([Fig. 2](#pone-0052703-g002){ref-type="fig"}, lower panel).

![SMYD3 and SMCX regulate 15-LOX-1 expression in cultured HL-derived cells cells and prostate cancer cells.\
(A) Real-time PCR assay of 15-LOX-1 mRNA expression in L1236 and LNCaP cells treated with SMYD3 siRNAs or control siRNA (n = 4). The results were normalized to the mRNA level of beta-2 microglobulin. The efficiency of SMYD3 siRNA knocking down was evaluated using Western blots. Bar, SD; \* p\<0.05. (B) Real-time PCR assay and Western blot analysis of 15-LOX-1 mRNA and protein expression in L428 cells treated with SMCX siRNAs or control siRNA (n = 4). The real-time PCR data were normalized to the mRNA level of beta-2 microglobulin. The efficiency of SMCX siRNA knocking down was evaluated using Western blot and β-actin served as a loading control. Bar, SD; \* p\<0.05.](pone.0052703.g002){#pone-0052703-g002}

![Modulation of the H3-K4 methylation/demethylation balance influences on 15-LOX-1 expression by affecting H3 acetylation and STAT6 occupancy at the 15-LOX-1 promoter.\
(A) Schematic presentation of the 15-LOX-1 promoter and PCR primer locations (relative to ATG) for the ChIP assay in relation to the three potential STAT6 binding motifs and SMYD3 binding site in the 15-LOX-1 promoter region. (B) Quantative ChIP assay for H3-K4 tri−/di−/monomethylation, acetylation, STAT6 and SMYD3 occupancy at the 15-LOX-1 promoter in L1236 cells treated with the SMYD3 siRNA or control siRNA. (C) Quantative ChIP assay for H3-K4 tri−/di−/monomethylation, acetylation, and STAT6 occupancy at the 15-LOX-1 promoter in L428 cells treated with the SMCX siRNA or control. Omission of antibodies (No Ab) was included in the whole experimental procedure, together with the PCR amplification of unrelated GAPDH gene, as appropriate controls. Data shown are from four independent experiments. Mean value of ChIP signals are normalized to 2% input. Input control is from non-immunoprecipitated total genomic DNA. Bar, SD.](pone.0052703.g003){#pone-0052703-g003}

Since 15-LOX-1 upregulation is suggested to be involved in the tumorigenesis of prostate cancer, it was also examined whether SMYD3 is required for 15-LOX-1 transcription in the prostate cancer cell line LNCaP. Strong SMYD3 protein expression was detected in this cell line and its inhibition by siRNA significantly repressed the 15-LOX-1 mRNA expression ([Fig. 2A](#pone-0052703-g002){ref-type="fig"}). Collectively, these data strongly suggest that 15-LOX-1 transcription activity could be controlled by histone methylation/demethylation.

SMYD3 Regulates 15-LOX-1 Promoter Activity {#s3c}
------------------------------------------

To examine whether SMYD3 regulates 15-LOX-1 expression at the transcriptional level, we studied the effect of SMYD3 inhibition by siRNA on 15-LOX-1 promoter activity. A 15-LOX-1 promoter reporter plasmid named pGL3-15-LOX-1-WT (wild type) was developed in which a luciferase gene is driven by a 1081 bp fragment from the 15-LOX-1 promoter. L1236 cells were co-transfected with the pGL3-15-LOX-1-WT reporter plasmid and SMYD3 siRNA or unspecific control siRNA. As shown in [Fig. 4A](#pone-0052703-g004){ref-type="fig"}, after three days of cotransfection, SMYD3 inhibition was associated with a significant reduction of 15-LOX-1 transcription activity. These data suggest that SMYD3 is required for full 15-LOX-1 promoter activity in L1236 cells. To further investigate the regulatory function of SMYD3 in 15-LOX-1 transcription, L428 cells were cotransfected with pGL3-15-LOX-1-WT and a SMYD3 expression plasmid or mock vector (PC). Consistent with the results obtained in L1236 cells, overexpression of SMYD3 in L428 cells resulted in a significant up-regulation of 15-LOX-1 promoter activity three days post-transfection ([Fig. 4B](#pone-0052703-g004){ref-type="fig"}). Taken together, these observations indicate that SMYD3 regulates 15-LOX-1 expression at the transcriptional level.

![SMYD3 and SMCX regulates 15-LOX-1 expression at the transcriptional level.\
(A) SMYD3 depletion is associated with decreased 15-LOX-1 promoter activity. SMYD3 siRNA or control siRNA were contransfected with wild type (WT) pGL3-15-LOX-1 reporter plasmid into L1236 cells (n = 4). Variation in transfection efficiency was normalized by thymidine kinase-driven Renilla luciferase activity. Bar, SD; \* p\<0.05. (B) 15-LOX-1 transcription is induced by SMYD3 ectopic expression. SMYD3 expression vectors pcDNA-SMYD3 or empty vector pcDNA were cotransfected with WT pGL3-15-LOX-1 reporter plasmid into L428 cells (n = 4). Bar, SD; \* p\<0.05. (C) Sequence of the 15-LOX-1 core promoter region. A putative SMYD3 binding site is underlined. The sequence that was mutated in the transcriptional activity analysis of *cis*-acting elements is indicated by dots and substitutions are given above. −1 indicates the first nucleotide upstream of the transcription start site; the arrow indicates the first nucleotide of the first exon. (D and E) Mutation of the SMYD3 binding motif at the 15-LOX-1 promoter attenuates transcriptional activity in 15-LOX-1 positive cells. WT pGL3-15-LOX-1 (WT) or SMYD3 motif mutant reporter (MUT) were transfected into L1236 or L428 cells (n = 4). Bar, SD; \* p\<0.05. (F) SMCX knockdown leads to enhanced 15-LOX-1 promoter activity. SMCX siRNA or control siRNA were contransfected with wild type (WT) pGL3-15-LOX-1 reporter plasmid into L428 cells (n = 4). Bar, SD; \* p\<0.05.](pone.0052703.g004){#pone-0052703-g004}

As a transcription factor containing histone methyltransferase activity, SMYD3 directly binds to its potential target motif CCCTCC of downstream genes [@pone.0052703-Hamamoto1]. As shown in [Fig. 4C](#pone-0052703-g004){ref-type="fig"}, a potential SMYD3 binding motif lies in the core promoter region of 15-LOX-1 [@pone.0052703-Kelavkar3]. To determine if this motif is the direct target of SMYD3, a substitution mutant reporter vector was constructed by site mutagenesis. As shown in [Fig. 4D](#pone-0052703-g004){ref-type="fig"}, a decreased transcriptional activity was noted with the mutant reporter in L1236 cells, suggesting that the potential SMYD3 binding motif is a *cis*-acting element of 15-LOX-1 expression. Similar experiments were performed in L428 cells, but here a significant reduction in transcriptional activity was lacking when cells were transfected with the SMYD3 binding motif mutant reporter plasmid ([Fig. 4E](#pone-0052703-g004){ref-type="fig"}), probably because of the low SMYD3 expression in this cell line (data not shown).

SMYD3 is Physically Associated with the 15-LOX-1 Promoter {#s3d}
---------------------------------------------------------

Since the SMYD3 binding motif was shown to be involved in 15-LOX-1 transcription and SMYD3 regulates 15-LOX-1 promoter activity, we asked whether SMYD3 binds to the 15-LOX-1 promoter region *in vivo* in L1236 cells. To this end, ChIP assay was applied with primers encompassing the SMYD3 binding motif ([Fig. 3A](#pone-0052703-g003){ref-type="fig"}). We found that the 15-LOX-1 core promoter region covering the SMYD3 binding motif is occupied by SMYD3 in vivo and that the association was inhibited when SMYD3 was knocked down by siRNA ([Fig. 3B](#pone-0052703-g003){ref-type="fig"}). The specificity of the association was verified by the absence of specific sequence amplifications when antibodies were omitted and when primers for the unrelated GAPDH gene were applied in the PCR reaction.

SMYD3 Inhibition Leads to Chromatin Remodelling and Reduced STAT6 Occupation at the 15-LOX-1 Promoter in L1236 Cells {#s3e}
--------------------------------------------------------------------------------------------------------------------

Since SMYD3 exerts its transcription-activating effect by trimethylating H3-K4 at the promoter of target genes, we asked if SMYD3 contributes to 15-LOX-1 gene expression by altering histone modification and thereby transcription factor occupation. SMYD3 expression in L1236 cells was knocked down using siRNA and thereafter alterations in H3-K4 mono−/di−/trimethylation at the 15-LOX-1 promoter was examined by ChIP assay. As shown in [Fig. 3](#pone-0052703-g003){ref-type="fig"} B, SMYD3 inhibition leads to decrease H3-K4 di- and trimethylation but not monomethylation at the promoter region of 15-LOX-1, indicating that SMYD3 is required for di- or trimethylation of H3-K4 at the 15-LOX-1 promoter.

Promoter H3-K4 di- or tri-methylation provide docking sites for certain protein complexes containing histone acetyltransferase (HAT) activity that in turn leads to increased accessibility for transcriptional activators [@pone.0052703-Eissenberg1]. We therefore investigated whether abolished H3-K4 di−/trimethylation impedes the 15-LOX-1 promoter occupancy of the transcription factor STAT6, a predominant *trans*-activator of the gene. We found that after three days of SMYD3 siRNA treatment, histone acetylation was diminished and the STAT6 binding was noticeably reduced at the 15-LOX-1 promoter ([Fig. 3](#pone-0052703-g003){ref-type="fig"} B). Thus, data suggest that SMYD3 is required for H3-K4 di−/trimethylation of the 15-LOX-1 promoter in L1236 cells, promoting STAT6 access.

SMCX Inhibition Affects Histone Modifications and Enhances STAT6 Binding at the 15-LOX-1 Promoter in L428 Cells {#s3f}
---------------------------------------------------------------------------------------------------------------

Because inhibition of H3-K4 demethylase upregulates 15-LOX-1 expression in L428 cells ([Fig. 2](#pone-0052703-g002){ref-type="fig"} B), we sought to delineate the underlying mechanism. To this end, L428 cells were co-transfected with the pGL3-15-LOX-1-WT reporter plasmid and SMCX siRNA or control siRNA. As shown in [Fig. 3](#pone-0052703-g003){ref-type="fig"} F, after three days of cotransfection, SMCX depletion led to a significant increase of 15-LOX-1 transcriptional activity. To further investigate the regulatory function of SMCX in 15-LOX-1 transcription, ChIP assay was applied. After three days of SMCX siRNA treatment, significant enhanced H3-K4 trimethylation but not di- or monomethylation of the 15-LOX-1 promoter region was detected in the L428 cells ([Fig. 3](#pone-0052703-g003){ref-type="fig"} C). Consistent with the results presented in [Fig. 2](#pone-0052703-g002){ref-type="fig"} B, it was also noted that inhibition of the H3-K4 demethylase with SMCX siRNA leads to a clear up-regulation of histone acetylation and STAT6 occupation without IL-4 treatment ([Fig. 3C](#pone-0052703-g003){ref-type="fig"}). These observations suggest that H3-K4 demethylase is required to keep the 15-LOX-1 promoter silenced in L428 cells by controlling chromatin folding and the accessibility of STAT6.

Discussion {#s4}
==========

Chromatin remodelling including DNA and histone modification has an enormous potential for organizing and controlling information encoded by the genome. The genomic histone methylation/demethylation regulation mediated by the dynamic balance of HMTs/HDMs is a common event which is involved in as diverse cellular biological processes as gene transcription, X-chromosome inactivation, DNA damage repair, telomere function and DNA recombination [@pone.0052703-Quina1]. H3-K4 methylation has been considered as a positive histone modification for transcription; it increases as gene expression becomes active [@pone.0052703-Berger1]. H3-K4 hypermethylation is predominantly localized to the promoter region of genes and different lines of evidence suggest that disrupting HMTs or HDMs can modulate gene expression by changing the pattern of histone methylation at the promoter region [@pone.0052703-Hamamoto1], [@pone.0052703-Tahiliani1]. Because the 15-LOX-1 gene is highly regulated and specifically expressed only in certain types of human cells, we attempted to investigate a potential relationship between histone methylation and 15-LOX-1 expression.

The major finding in the present study is that histone H3-K4 methylation/demethylation regulates 15-LOX-1 expression in cultured HL and prostate cancer cells. To our knowledge, this is the first study showing genomic histone H3-K4 methylation/demethylation being involved in the regulation of expression of lipoxygenases. The evidence supporting a direct contribution of H3-K4 methylation/demethylation in 15-LOX-1 transcriptional regulation in cultured HL cells include the following observations: (1) The H3-K4 methylation status at the 15-LOX-1 promoter is associated with 15-LOX-1 mRNA and protein expression level; (2) introduction of HMT into the cells enhances 15-LOX-1 promoter activity; (3) inhibition of HMT SMYD3 represses 15-LOX-1 promoter activity and mRNA expression; (4) inhibition of HDM SMCX induces 15-LOX-1 gene transcription and protein expression. Thus, H3-K4 methylation/demethylation plays a significant role in regulating 15-LOX-1 expression, presumably contributing to the cell-specific profile of 15-LOX-1 expression in human cells. Specifically, these new findings depict the importance of histone methylation/demethylation regulation in the metabolism of eicosanoids in human cells.

We further identified an HMT and an HDM which are involved in the H3-K4 methylation/demethylation of the 15-LOX-1 promoter and subsequent activation/repression of the transcription, respectively. Our study suggests that 15-LOX-1 is a direct target for the HMT SMYD3, based on the following evidence: (1) SMYD3 inhibition using siRNA represses 15-LOX-1 mRNA expression in L1236 and LNCaP cells; (2) SMYD3 siRNA inhibits 15-LOX-1 promoter activity in L1236 cells; (3) SMYD3 over-expression in L428 cells induces 15-LOX-1 promoter activity; (4) disruption of the potential SMYD3 binding motif using substitution mutation methodology reduces 15-LOX-1 promoter activity in L1236 cells. Furthermore, we found impaired occupancy of the transcription factor STAT6, a well-established IL-4/13 messenger and transcription activator of 15-LOX-1, at the promoter and diminished histone H3 acetylation following SMYD3 silencing and subsequent inhibition of H3-K4 di- and trimethylation in L1236 cells ([Fig. 5A](#pone-0052703-g005){ref-type="fig"}). It has been shown that SMYD3 can also directly interact with the ligand-binding domain of the estrogen receptor (ER) and be recruited to the proximal promoter regions of ER target genes upon gene induction [@pone.0052703-Kim1]. The possibility of a direct physical interaction of SMYD3 with transcription factors involved in 15-LOX-1 transcriptional control, including STAT6, should be addressed in further studies.

![A model for HMT-mediated 15-LOX-1 transcriptional activation and HDM-mediated gene silencing through chromatin remodelling.\
In the 15-LOX-1 negative cell line L428, the 15-LOX-1 promoter region is occupied by HDM SMCX. Because H3-K4 is hypomethylated and H3 is hypoacetylated, the 15-LOX-1 promoter is not accessible to the transcriptional activator STAT6, and the gene transcription is repressed. Inhibition of SMCX with siRNA results in H3-K4 hypermethylation and subsequent H3 hyperacetylation through the recruitment of transcription complexes containing HAT activity, leading to an accessible promoter for STAT6. Promoter-bound STAT6 then recruits more HATs that in turn catalyze more H3 acetylation. These sequential events lead to transcriptional activation of the 15-LOX-1 gene (A). In L1236 cells with abundant 15-LOX-1 expression, the binding of SMYD3 to its motif in the 15-LOX-1 promoter region results in H3-K4 hypermethylation and 15-LOX-1 activation via a similar mechanism (B).](pone.0052703.g005){#pone-0052703-g005}

Histone methylation can contribute to transcriptional regulation by recruiting transcription complexes which contain HAT activity. For example, the chromodomain of the chromatin remodelling protein Chd1 binds to methylated H3-K4, recruiting the yeast SAGA (Spt-Ada-Gcn5 HAT) complex which contains the H3 HAT GCN5 [@pone.0052703-PrayGrant1]. In the context of the present study, by governing histone acetylation status and the accessibility of STAT6 to the 15-LOX-1 promoter, SMYD3-mediated H3-K4 methylation may function as a critical element licensing 15-LOX-1 gene expression. Several lines of evidence suggest that SMYD3 is frequently overexpressed in human colorectal, liver and breast cancers, and its enhanced expression is considered essential for the growth of certain cancer cells [@pone.0052703-Silva1]. In the present study, we found high expression of SMYD3 in the prostate cancer cell line LNCaP and weaker expression in prostate cancer PC3 cells. Since 15-LOX-1 has been suggested to play an important role in tumorigenesis and metastasis of prostate cancer [@pone.0052703-Kelavkar4], further investigation of the relation between SMYD3 expression and 15-LOX-1 transcriptional activation in prostate cancer *in vitro* and *in vivo* should be informative. Preliminary results show that SMYD3 is highly expressed in prostate cancer tissues and plays an important role for the growth and survival of prostate cancer cells (manuscript in preparation).

SMCX is a JmjC-domain-containing protein which possesses H3-K4 demethylase activity with a substrate preference for H3-K4-me2 and H3-K4-me3 and functions as a transcriptional repressor [@pone.0052703-Tahiliani1], [@pone.0052703-Jensen1]. Here, we describe that SMCX inhibition using siRNA activates 15-LOX-1 expression in L428 cells even without IL-4 stimulation. Further study based on ChIP assay suggested that SMCX exerts the 15-LOX-1 transcriptional repression effect by repressing H3-K4 trimethylation and H3 acetylation and consequently abolish the accessibility of STAT6 to its cognate binding motifs at the 15-LOX-1 promoter. We also depicted that SMCX binds within or very close to the 15-LOX-1core promoter region, although the specific binding sequence and binding site were not identified. Furthermore, our data suggest that SMCX represses 15-LOX-1 transcriptional activation through inhibiting H3-K4 trimethylation by its H3-K4 tri-demethylase activity ([Fig. 5](#pone-0052703-g005){ref-type="fig"} A). However, as it has been reported that an SMCX complex isolated from HeLa cells contains additional chromatin modifiers, the histone deacetylases HDAC1 and HDAC2 [@pone.0052703-Tahiliani1], it is possible that SMCX can mediate transcription repression also independently of its demethylase activity.

In the present study, a reduction of 15-LOX-1 protein two days after SMYD3 siRNA treatment was not observed. This, however, is not surprising considering the stability of the 15-LOX-1 protein in L1236 cells; neither 15-LOX-1 siRNA nor the translation inhibitor cycloheximide was able to knock down the 15-LOX-1 protein levels after two or three days treatment (data not shown).

Collectively, our data suggest that histone methylation/demethylation at the 15-LOX-1 promoter is important in the transcriptional regulation of the gene in cultured cells. Thus, the process of 15-LOX-1 related eicosanoid oxygenation is controlled also by the dynamic balance between HMTs and HDMs.
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